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FIVE SEGMENT BOOSTER

1,513 in.
126 ft 1.5 in.
(38.4 m)
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Space Shuttle Four-Segment Reusable
Solid Rocket Motor (RSRM)

Igniter |,

WORLD’S LARGEST
OPERATIONAL SOLID
ROCKET MOTOR

Forward
Segment

Space Shuttle RSRM

Total Propellant Weight:  1,107,0001b  (503,000kg)
Total RSRM Weight: 1,256,000 1b (570,000 kg)
Average Thrust: 2,590,000 Ibf (11,530,000 N)
Time of Burning: 123.4 sec

Center
Segment

Center
Segment

146 in. Segment

12ft2in.
(3.7 m)
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RSRM History

FIVE SEGMENT BOOSTER

e Program start: 1974
e First static test: 1977
e First flight: April 12, 1981
e 25 flights: 1981 to 1986
e Challenger disaster: January 28, 1986
e Redesign activity: 1986 to 1988

e Improved field joints, igniter joints, nozzle-
to-case joint, and nozzle ablatives

¢ Return to flight: September 29, 1988
e 85 RSRM flights:1988 to 2002

e 28 years: 259 total motors
flown or tested
e 39 static tests
e 220 flight motors
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Future Plans: Five-Segment Booster (FSB)

FIVE SEGMENT BOOSTER

e NASA is considering upgrading the ..
Space Shuttle by adding a fifth “m
segment to the current four-
segment solid rocket booster

e Enhance Space Shuttle capability

e Eliminate Return to Launch Site
(RTLS) or Trans-Atlantic Landing (TAL)
abort modes

e Achieve Abort-to-Orbit (ATO) with
single engine out off the pad

o Orbiter space station Alpha payload
increased to 40,000 Ib

e Enable crew escape module and other
Shuttle system reliability and
safety upgrades

¢ Reduce main engine throttle settings

e Potential boost propulsion for
heavy-lift vehicle
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Four-Segment vs. Five-Segment Booster

FIVE SEGMENT BOOSTER

a 96in. 4,500
416 in. New Parachutes . &) + 4,000
New Forward ; . Added Capability
W ey - ! 35008 -
Skirt . <= ‘ Five-Segment Booster
B m 3,000
.mll 7
New Forward . £ 250%
Attach *© _m 2,000 jg Current Booster
_— 3 '
: 8 1,500 [
>}
1,800 in.” 1,000 I§
: Add Center 500
' Segment
. oF
. 10 20 30 40 50 60 70 80 90 100 110120 130 140 150
Tr|4 Time (sec)
L Booster Performance
II..wiL — — _ 5-Segment  4-Segment
— i Max Thrust (Ibf) 3,800,000 3,330,000
mmur New Nozzle == Max Pressure (psia) 1016 1016
— Burn Time (sec) 129.6 123.4

Four-Segment Booster  Five-Segment Booster

020305ppt



ATK THIOKOL PROPULSION

1

Abort Modes (one SSME out) Study Results

FIVE SEGMENT BOOSTER

e Achieve ATO from pad at 109 - 112% SSME throttle with
adequate performance margins

ISS TAL

ISS ATO

ISS PTM

] ] ] ]
0 100 200 300 400 500
Time (sec)

RTLS: Return to Launch Site [l RSRM (SSME 106%)

TAL: Trans-Atlantic Landing [l Five-Segment (SSME 109%)
ATO: Abort to Orbit Bl Five-Segment (SSME 109-112%)
PTM: Proceed to Mission
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Five-Segment Booster

FIVE SEGMENT BOOSTER

Larger Diameter Throat New Nozzle

Larger Diameter Exit Cone

Factory Joints

ET/SRB Attach Point Same attach location

Forward SRB
Thrust Post

Field Joint
Field Joint
e

ET Attach Ring
Field Joint

Fwd Skirt
Field Joint

New Cylinder
Segments

Field Joint
Stiffener Rings

Nozzle Exit Plane

Changes noted in italic

Thrust Post
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FSB Grain Design

FIVE SEGMENT BOOSTER

12 FINS GIVE MAXIMUM THRUST
IN EARLY PART OF TRACE

Thrust Profile

FWD and forward face
3.5 of short segment fully
inhibited

3 )
Nozzle cutout

2.5 11 radius tailors lower
thrust needed at

> H MaxQ /

1.5 /
0.5 \

0 20 40 60 80 100 120 140 160
Time (sec) 7

Thrust (MIbf)
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Pressure Drop Down the Bore at Ignition

FIVE SEGMENT BOOSTER

925 FSB Bore Pressure
PN oo Based on CFD Analysis

795
730
665

600

=

FSB REPRESENTS ~115 PSIA INCREASE IN RSRM
STATIC PRESSURE DROP

8
020305ppt



ATK THIOKOL PROPULSION
I

Mach Number Down the Bore at Ignition

FIVE SEGMENT BOOSTER

FSB Bore Mach Number
Based on CFD Analysis

FSB REPRESENTS ~0.2 INCREASE IN RSRM
CENTERLINE MACH NUMBER
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FSB Design Issue: Erosive Burning

FIVE SEGMENT BOOSTER

e Concerns

e Solid rocket motor with high cross-flow velocities (high Mach
number) susceptible to “erosive burning”

e Burn rate enhancement due to erosive burning increases
head-end pressure levels

e Shuttle pressure trace reaches maximum head-end pressure
during ignition

e Erosive burning compounds operating pressure possibly affecting
certified maximum expected operating pressure (MEOP)

e Erosive burning difficult to predict

e Current models are empirically derived, and based on small scale
motors relative to FSB

ACCURATE EROSIVE BURNING PREDICTIONS
REQUIRED FOR FSB
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Enhanced Propellant Burn Rate

FIVE SEGMENT BOOSTER

e Large length to diameter

CASTOR® IVB Motor Performance ratios can lead to enhanced
. propellant burn rates

B EEREREEE A Po e There is a Mach number

o threshold above which

e enhanced burn rate

predominates

e The enhanced burn rate is
/ usually of short duration and

Chamber Pressure (psia)

200

/ repeatable

N o Difficult to predict for new

_ 4 . . _ « designs using current modeling
0 10 20 30 40 50 60 70 .

Time (sec) techniques
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Drivers of Enhanced Propellant Burn Rate

FIVE SEGMENT BOOSTER

Propellant Burn Rate

0.8 ,
0.7 ,,
o Lot/
m 05 i \\\\ \
i
M 0.3 \\\ \\ 7173 .oooooooxﬂ
2 VAR i
02 \\ / / e Burn rate enhancement driven
0.1 / / by internal environment
%100 1000 wo © Factors influencing enhanced

Pressure (psia)

burn rate
e Bulk fluid velocity
e Mass flow rate

e Motor geometry
e L/D
e Grain bore diameter
e Nozzle throat diameter
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FSB Erosive Burning Model Development

FIVE SEGMENT BOOSTER

e Approach

e Develop relationship between Mach number, pressure, and
hydraulic diameter for propellants with different burn rates

e Subscale tandem, segmented 5-in. CP test article designed

e Test motors instrumented to measure propellant surface
regression and pressure drop down the motor

e Developed relationship between burn rate and mach number in
subscale motor

e Developed scale factors to adjust for motor size
e Anchored model to CASTOR® IVB and RSRM

e Plan to validate FSB erosive burning scale factors using a
full-scale 5-segment RSRM static test (ETM-3) in July 2003

FIRST STEP IN MODEL DEVELOPMENT
AND VALIDATION

13
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Modeling Approach

FIVE SEGMENT BOOSTER

e Use existing motor data
to scale subscale motor

data

e Enable development of gl oiors i Documented
a scaleable erosive 0 )
Castor |

lllllll

Hhat \nmmno_. IV-B
iy e

8 | Castor [VA-XL
A E \

burning model without a
midsize test motor

e Provide an accurate

prediction for FSB

10 20 30 40 50 60 70
Hydralic Diameter (in)
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Subscale Motor Hardware Overview

FIVE SEGMENT BOOSTER

e Subscale test motor configuration
e Six tandem 5-in.center-perforated (CP) motors
e Bore/throat diameter controls Mach number
e Number of segments controls motor chamber pressure

¢ Instrumentation/signal acquisition

e Signal transmission

¢ Ultrasonic signal enhanced through impedance matching of
materials

e Acoustic lens to reduce signal scatter on curved propellant
surface

e Noise reduction

¢ Elimination of standing wave noise

e Return signal synchronized with reflection of propellant gum
stock interface

15
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Hardware Configuration

FIVE SEGMENT BOOSTER

Ultra-Sonic Transducer

Vespel
Propellant Gum Stock

Nozzle
/

Ultrasonic
5-in. CP Case Hardware — Thermocouples
Assembly
q
Pressure
Case Transducers
Mating
Rings ﬁr
q
5-in. CP
Case (6)

Igniter/ ﬁrg
Initiator
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Acoustic stack
VESPEL

e Provides an acoustic window through
the case wall

e Supports motor operating pressure
Acoustic lens

e Curvature on the VESPEL surface
about the motor centerline to focus
the signal on the propeliant bore
surface

e Minimizes signal scatter
Propellant gum stock

¢ Intermediate acoustic impedance
material

e Propellant without solids
Propellants
e CASTOR®, ETM-3, RSRM

Propellant

ATK THIOKOL PROPULSION

Ultrasonic Instrument Configuration

Transducer

VESPEL Plug

Acoustic Lens

Propellant
Gum Stock
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Propellant Surface Mapping

FIVE SEGMENT BOOSTER

1500

Noise Reduction
of
Acquired Data

e Data was acquired every 20 msec
with a sample rate of 10 MHz for
each of the six segments

e Return wave form from the
propellant surface is tracked and
its time of flight used to establish
propellant web thickness

e Speed of sound in propellant =
established through testing in a Mr q

_mco_.mﬁoJ\ environment Nondimensional Distance
Time History of Propellant Surface Regression
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Subscale Motor Design

FIVE SEGMENT BOOSTER

Mach IV Ultrasonic
e \ Transducer

—m_ GCo

/

e Motor test demonstrated an erosive
burning environment

Pressure Transducer

¢ Internal motor environment modeled to
characterize relationship to observed
propellant burn rate

e Forward segment provides a baseline from
which to compare the other segments
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Modeling Assumptions

FIVE SEGMENT BOOSTER

e Erosive burning can be characterized through 1-D
ballistic analysis techniques

e Shown to be accurate through subscale and full-size motor
analysis

e Able to normalize propellant burn rates with respect to axial
Mach number

e Erosive burning is a boundary layer phenomena

e Burn rate enhancement can be scaled with an association
with grain hydraulic diameter

e Prior to reaching a threshold, aPn applies. Once the
threshold is exceeded, erosive burn rate is influenced by
local Mach number

e The threshold is associated with core fluid flow influencing the
near propellant boundary layer

20
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Erosive Burning Characterization

FIVE SEGMENT BOOSTER * t No. 1
A Motor Performance | mmas_a__wn, zm \
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Tandem Motor Predicted Performance

FIVE SEGMENT BOOSTER

Tandem Motor Performance

800
ﬂoo L] a - - -
% oo S—— e Original prediction using
£ 500 // ' data from single motor
§ 400 N firing
€ 300
ol | Vessroiprme |\ e No erosive burning
© 100 \ / /
A | AN
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Time (sec)
Tandem Motor Performance
= e Re-prediction usin
5 700 X — pre using
& o0 /y/ measured propellant
2 50 \ ' burn rate
a 400 . .
m 300 — Measured Pressure / e Accurate match indicates
& 200 — e /// that measured burn rate
100 \ captures individual
%0 10 20 30 40 50 60 segment performance

Time (sec)
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Hydraulic Diameter Influence
e on Erosive Burning

Scale Factor . .
0.60 e Scaling with

0.50 L1 hydraulic diameter is
a means to capture
g o040 Subscale the propeliant
m 0.30 " surface environment
s 020 , CASTOR® IVB in a 1-D analysis
| / _— RSRM e Scale factor is curve
0-10 & ,/» fit from the subscale
0.00 ; ; _ : : _ and full-scale data
0 10 20 30 40 50 60 70

Hydraulic Diameter
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CASTOR® IVB and RSRM Predictions

RSRM Block Model Pressure

FIVE SEGMENT BOOSTER

940

— RSRM Block Model

— R o roswe Bunng e RSRM used as a threshold

N — I for the erosive burning

model

©
n
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e Model indicates
approximately 6 psi
enhanced burn rate present

T e s % o @ = in RSRM

Time (sec)

CASTOR® IVB

Chamber Pressure (psia)

750

—— Castor [VD Average Measured
Performance

——Cestor IVB (No Erostve Bummg)

700 1

650 1

I e CASTOR® IVB pressure
trace matches well

550

Chamber Pressure (psia)
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ETM-3: World’s Largest Segmented SRM

FIVE SEGMENT BOOSTER

e MSFC and Thiokol are well under way with design and
verification of a five-segment Engineering Test Motor (ETM-3) —
an endeavor focused on learning & improvement -

e People
e RSRM (margins)
e Techniques (models, methods, etc.)

e ETM-3 provides opportunities for FSB
risk reduction and technical skill enhancement

e Erosive burning (validate analytical predictions and scale factors)
e Propellant formulation

e Instrumentation

e Structures

e Computational Fluid Dynamics

25
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ETM-3 Five-Segment Test Motor

FIVE SEGMENT BOOSTER

e Burn time increased 5 sec
e Pressure increased 10 psi
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STATIC TEST SCHEDULED JULY 2003
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ETM-3 Predicted Erosive Burning

FIVE SEGMENT BOOSTER

ETM-3 Ballistic Performance

940

Maximum pressure enhanced about 8 psi e ETM-3 models predict a
oo | o burn rate enhancement of
about 8 psi due to erosive
. burning
860 e FSB models predict a burn

rate enhancement of less
than 30 psi due to erosive

— ETM-03 Prediction N

840 burning

~—— ETM-03 No Erosive Bumning

860

Chamber Pressure (psia)

820

0 2 4 6 8 10 12 14 16 18 20
Time (sec)
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FSB Program Summary

FIVE SEGMENT BOOSTER

e FSB shows great potential to enhance Space Shuttle capability
Eliminate RTLS or TAL abort modes
Achieve ATO with single engine out off the pad
Orbiter space station Alpha payload increased to 40,000 Ib
Enable crew escape module and other Space Shuttle system reliability
and safety upgrades
e Subscale testing and preliminary analysis show erosive burning
to be a non-issue for FSB (less than 30 psi)
e Five-segment ETM-3 provides early validation of analytical
methods
e Increase understanding of internal gas dynamics
Improve ignition transient model

o
e Demonstration of reduced burn rate propellant ballistic performance
e Provide data for potential FSB design update and loads refinement
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